A locus has been identified in turkey DNA that contains nucleotide sequences homologous to the oncogene (v-rel) in the avian retrovirus, reticuloendotheliosis virus strain T. This locus, c-rel, has been molecularly cloned from an apparently heterozygous turkey. c-rel is approximately 23 kilobase pairs in length, with at least seven apparent introns, and contains sequences sufficient to account for all of v-rel. Nucleic acid sequence differences exist between v-rel and homologous regions of c-rel. We examined a population of turkeys to determine whether these sequence differences are the result of polymorphism in the population. Within the turkey population, c-rel is dimorphic in apparent introns and 3' flanking sequences, but polymorphism has not been detected within the regions of the c-rel locus that are homologous to v-rel. Additionally, no nucleic acid sequence differences have been detected between the regions of c-rel in turkeys that are homologous to v-rel and the sequences related to v-rel of a homologous locus in chickens (Chen et al., J. Virol. 245:104-113, 1983). The general organization of introns and flanking sequences is conserved for both c-rel in turkeys and this locus in chickens, indicating that c-rel, like other protooncogenes, may have an important developmental or metabolic function.
Retroviruses can be described in relation to their tumor production as nononcogenic, weakly oncogenic, or highly oncogenic. Weakly oncogenic retroviruses are competent for replication and produce tumnors in infected animals only after long latent periods and with low efficiency. Highly oncogenic retroviruses are derived from weakly oncogenic retroviruses and contain additional sequences, called oncogenes, that enable them to produce tumors in sensitive animals after a short latent period and with high efficiency. Oncogenes are sequences that have apparently been acquired from cell DNA by weakly oncogenic retroviruses. The sequences that have been acquired from the genomes of cells and give rise to oncogenes are called proto-oncogenes (reviewed in reference 1).
Reticuloendotheliosis virus strain T (Rev-T) is a highly oncogenic avian reticuloendotheliosis virus that contains the oncogene v-rel (6, 32) and causes reticuloendotheliosis in animals and transforms spleen cells in cell culture (12, 15, 20, 28) . Rev-T was isolated from a tumor-bearing turkey in 1958 (28) . Rev-T probably arose when a weakly oncogenic reticuloendotheliosis virus infected a turkey cell, acquired a protooncogene homologous to v-rel, and then underwent subsequent modifications to form Rev-T. The proto-oncogene sequences homologous to v-rel that were acquired by this weakly oncogenic reticuloendotheliosis virus are called crel.
Rev-T is defective for replication and is associated with nondefective reticuloendotheliosis virus strain A, which supplies helper functions in trans for those functions that have been deleted from Rev-T (3, 4, (14) (15) (16) 23) . Rev-A is probably a reasonable approximation of the weakly oncogenic parental virus that gave rise to Rev-T. v-rel DNA in Rev-T is substituted for nucleotide sequences that encode env in Rev-A DNA. In addition, Rev-T DNA has relative to Rev-A a deletion of nucleotide sequences that in the parental virus code for much of gag and pol (4, 15, 16, 23) . This deletion of sequences that encode gag and pol in the parental * Corresponding author.
virus is necessary for the expression of the transforming potential of Rev-T (6) .
In this study we investigated the structure of the protooncogene c-rel in turkeys. The genomic turkey sequences that were detected to have homology to v-rel are part of one locus. Two alleles of this locus have been isolated by molecular cloning from an apparently heterozygous turkey. The c-rel locus is large and is very similar to a locus previously cloned from chickens (7) . Differences exist between the sequences homologous to v-rel in the turkey locus and v-rel. The sequence differences between v-rel and the homologous sequences of c-rel cannot be accounted for by polymorphism in the turkey population or by differences between c-rel in chickens and turkeys.
MATERIALS AND METHODS Cells. The procedures for propagating avian fibroblasts have been described previously (13) . The turkey embryos used in this study were obtained from Wilmar Poultry, Wilmar, Minn. Embryos 5, 7, and 10 are Orlopp turkeys. Embryo 15 is a bronze turkey.
Virus. Rev-T was obtained from producer cell line 1-6 (4). Sources of DNA. DNAs were extracted from turkey embryo fibroblasts as previously described (5) .
EcoRI v-rel probe is a subclone in pBR322 of v-rel-specific sequences from defective Rev-T proviral clone 2-20-4 (4). pRev-T 3 is a circularly permuted molecular clone in pBR322 of Rev-T unintegrated circular DNA (6) . pRev-T 3 RI/Sal 3' is a subclone of pRev-T 3 that contains the v-rel sequences 3' to the EcoRI site at 4.3 kilobase pairs (kbp) in Rev-T (6) . This subclone is the source of DNA for the 3' v-rel probe. 2-20-6 is an infectious provirus clone of Rev-A in Charon 4A (4) .
The clones X 1059 c-rel (chicken 15B) 5, X Charon 4A c-rel (chicken 15B) 1, X 1059 c-rel (chicken 15B) 3, and X 1059 crel (chicken 15B) 4 are molecular clones of c-rel locus 1 from chicken line 15B (7) . BgI Electron microscopic heteroduplex analysis. Heteroduplexes were formed by mixing and denaturing CsCl-purified phage (5 ,ug of DNA each per ml) in 100 mM NaOH-20 mM NaCI-20 mM EDTA at 25°C for 10 min. This solution was then neutralized by adding Tris-hydrochloride (pH 6.0) to a final concentration of 0.2 M. Formamide was then added to a final concentration of 50% (vol/vol). The DNA was allowed to reanneal for 60 min at 25°C. It was then dialyzed at 4°C against 20 mM NaCI-10 mM EDTA (pH 7.0) before spreading (9, 31). The procedure for spreading has been described previously (17) . The heteroduplexes were spread onto water from a final concentration of 10 mM Na2CO3-5 mM EDTA-1 mM HCI-10 mM NaCI-20 ,ug of cytochrome c per ml-45% formamide. Heteroduplexes were examined with a Hitachi H-500 electron microscope at x 10,000. The lengths measured for heteroduplexes are reported ± their standard errors.
RESULTS
Our previous analysis of c-rel in chickens indicated that it is a large, complex locus. DNA from the c-rel locus in chickens was completely cloned in five overlapping recombinant DNA clones and contains at least seven regions that are homologous to v-rel. To determine whether these features are similar in chickens and turkeys and to determine the Fig. 2 .
Relationship between c-rel and v-rel. The regions of homology between the eight c-rel (turkey 7) clones in Fig. 2 Electron microscopic heteroduplex analysis and nucleic acid hybridization data indicate that each portion of v-rel is homologous to one and only one of the eight regions found in c-rel (Fig. 3) . Restriction endonuclease cleavage site mapping localizes regions 0 and 1 between the XbaI site at -0.3 kbp and the EcoRI site at 0.5 kbp and the HindlIl site at 2.3 kbp and the XbaI site at 3.1 kbp, respectively (Fig. 2) . The measured length of region 0 has not been made by electron microscopic heteroduplex analysis. It is estimated to be approximately 200 base pairs (bp) by filter hybridization analysis. The length of region 1 by electron microscopic heteroduplex analysis is very small (less than 100 bp). However, the measurement of region 1 is at the limit of detection of the method and may not be a precise measure of the size. A more precise measure will be made by nucleotide sequence analysis. Region 2 has been detected only rarely in heteroduplexes and also appears to be less than 100 bp. Restriction endonuclease cleavage site mapping and nucleic acid hybridization data indicate that this region begins at or near the EcoRI site at 6.0 kbp in Fig. 2 . Regions 3, 4, 5, 6, and 7 are 0.19 ± 0.03 kbp, 0.14 ± 0.04 kbp, 0.21 ± 0.07 kbp, 0.19 ± 0.09 kbp, and 0.54 ± 0.03 kbp, respectively (Fig. 3) . Regions 3 and 4 are separated by 3.8 ± 0.4 kbp in c-rel, but they are adjacent in v-rel. Similarly regions 4 and 5 appear to be separated by 0.23 ± 0.05 kbp in c-rel, but they are not separated in v-rel (Fig. 3) . It is possible however, that the 0.23 ± 0.05-kbp single strand deletion loop seen in Fig. 3 is part of v-rel, and regions 4 and 5 are a contiguous segment of DNA in c-rel. This ambiguity will be resolved when nucleotide sequence data are available for this region. Region 5 is separated from the EcoRI site at the 3' boundary of the insert of A Charon 4A c-rel (turkey 7) 2 by 0.12 ± 0.04 kbp (data not shown). Region 5 is separated from region 6 by 0.44 ± 0.12 kbp, and region 6 is separated from region 7 (Fig. 4) . (23) . A phage recombinant c-rel clones and plasmid subclones were digested with the restriction endonucleases that were expected to digest based on the restriction endonuclease cleavage site mapping of v-rel. The identified restriction enzyme cleavage sites presumed to be shared in common by v-r-el and c-rel and estimates of the size of regions of homology between v-rel and c-rel based on nucleic acid filter hybridization data and electron microscopic heteroduplex analysis were used to determine the relationship between c-rel and v-rel shown above. The regions of homology between v-r-ef and c-r-el are labeled 0 through 7 as in Fig. 2 . Restriction endonuclease cleavage sites presumed to be in common to v-rel and c-rel are indicated between the restriction endonuclease cleavage maps of v-rel and c-rel. and those sites where no candidate cleavage site was found in c-rel for a corresponding site in v-rel are identified above the restriction endonuclease cleavage map of v-rel. The P iill cleavage site at 0.98 kbp may or may not be conserved and is indicated with a question mark. Where more than one restriction endonuclease cleavage site was found in a single region of c-rel. the distance between cleavage sites was determined to be as close to the corresponding distance in v-rel as could be determined without nucleic acid sequencing. For reference, lengths and position of segments of DNA which separate regions of c-r-el that are homologous to v-rel are shown below the v-rel restriction endonuclease cleavage map. and v-rel was due to population differences or mutation of sequences acquired by the virus, we have examined the incidence and nature of polymorphism in a turkey population. To determine the incidence and nature of polymorphism in c-rel, DNAs of a small collection of unrelated turkey embryos were examined (Fig. 5) . The DNAs were cleaved with EcoRI, separated as to size by electrophoresis in an agarose gel, transferred to nitrocellulose, and hybridized to v-rel-containing probes. The probes used in this study were three subclones of Rev-T that divide v-rel into three nonoverlapping regions. The junctions between these subclones are the EcoRI sites at 3.6 and 4.3 kbp (Fig. 1) .
Except for the large EcoRI fragments that hybridize to the middle v-rel probe, each of the embryos studied has the same pattern of cleavage of c-rel sequences by EcoRI. Embryos 5, 10, and 15 do not have an additional EcoRI cleavage site that could account for the EcoRI cleavage site found at 4.3 kbp in the v-rel sequences of Rev-T and not in the corresponding sequences of c-rel from turkey embryo 7 (discussed above).
Each of the embryos analyzed (Fig. 5) has one or two large EcoRI fragments that hybridize to the middle v-rel probe. The simplest model to explain this observation is that they represent two possible alleles of the c-rel locus.
Molecular clones were obtained of two allelic EcoRI fragments from an apparently heterozygous turkey embryo (turkey 7 in Fig. 5 ). Electron microscopic heteroduplex analysis of these two clones shows that they differ by a substitution. The larger EcoRI fragment (part of allele 1) contains 2.4 + 0.2 kbp not present in the smaller EcoRI fragment (Fig. 6) . whereas the smaller EcoRI fragment (part of allele 2) contains 0.17 + 0.03 kbp not found in the larger digested with a 20-fold excess of EcoRI. The samples were then divided into three equal portions and electrophoresed in a 0.5% agarose gel. The DNA was denatured and transferred to nitrocellulose filters for hybridization with 5' v-rel, middle v-rel, and 3' v-rel probes (Fig. 1) . Note that the 5.0-kbp fragment detected with the 5' v-rel probe is a different size than the 4.4-kbp fragment that hybridizes to the 3' and middle v-rel probes and that there are two different 1.0-kbp EcoRI fragments, one that hybridizes to the 5' v-rel probe and one that hybridizes to the middle v-rel probe.
EcoRI fragment. This substitution is in an apparent intron just 5' to region 3 (Fig. 2) . X 1059 c-rel (turkey 7) 6 (Fig. 2) is from allele 2.
In addition to this substitution detected in turkey c-rel alleles, we found another form of polymorphism. Molecular clones of the two alleles of embryo 7 were obtained which contain exon number 7 and 3' flanking sequences. Restriction enzyme cleavage site mapping of X Charon 4A c-rel (turkey 7) 3 and X 1059 c-rel (turkey 7) 6 indicates that there is an increased incidence of discordant restriction enzyme cleavage sites with increasing distance 3' to region 7 (data not shown).
Comparison of c-rel in chickens and turkeys. As previously stated, there is one major c-rel locus in chickens. Sequences from this locus have been isolated by molecular cloning (7) . Electron microscopic heteroduplex analysis of chicken and turkey recombinant clones of c-rel indicates that the presumed coding sequences of c-rel are conserved, that presumed intervening sequences contain unequal length substitutions, and that there are regions of increased mismatching in presumed intervening sequences. c-rel (turkey). We have molecularly cloned DNA of two allels of locus 1 of c-rel from a heterozygous turkey. c-rel in turkeys has eight regions of homology to v-rel (Fig. 2) . Region 0 is approximately 23 kbp from the 3' end of region 7. Regions 2 and 3 are separated by 11 kbp. The sum of the lengths of the regions of c-rel that are homologous to v-rel (assuming regions 0, 1, and 2 are together 400 bp) is 1.65 kbp. The length of v-rel is approximately 1.55 kbp. The sum of the lengths of regions of homology to v-rel in c-rel locus is consistent with this locus being the source of all of the v-rel sequences. A more precise accounting of v-rel sequences relative to c-rel locus 1 will be made when nucleic acid sequence data are available.
Since the c-rel locus from turkey is probably the progenitor sequence for v-rel, sequences in c-rel between the regions in c-rel homologous to v-rel were lost. The structural relationship between oncogenes and proto-oncogenes has been studied for other oncogenes (8, 10, 11, 21, 22, 24, 27, 29, 30 (25) and Sorge and Hughes (26) have shown that if cellular genes with introns are inserted in a retrovirus vector, the introns are lost after a few cycles of virus replication.
Nucleotide sequence differences between c-rel and v-rel. Restriction endonuclease cleavage sites have been detected in v-rel for which corresponding restriction endonuclease cleavage sites cannot be found in the c-rel locus sequences that are homologous to v-rel. The significance of these differences is hard to assess. These restriction endonuclease cleavage site differences could have been generated by the splicing together of regions of c-rel during the formation of vrel. Alternatively, the sequence differences could have arisen by mutation during the process of acquisition or after the sequences were acquired by the virus. Additionally, it cannot be determined whether the proto-oncogene studied is the allele from which an oncogene was acquired. A polymorphic allele of c-rel may exist that has identical coding sequences with v-rel. The differences between such an allele and the allele in turkey 7 would then have been generated either by somatic mutation or by evolutionary divergence of germline sequences or by both.
c-rel locus dimorphism. We have examined the c-rel locus within a turkey population to see whether an allele could be found which had the sequence changes found in v-rel. Within the turkey population we found dimorphism of the c-rel locus, but only in apparent noncoding sequences. We found substitutions in an apparent intron of a turkey heterozygous at the c-rel locus. We also found that 3' to the regions of homology to v-rel, c-rel locus 1 has a high frequency of base changes when two turkey alleles are compared. We 12 and 15 kbp that hybridize to the middle v-rel probe were molecularly cloned from turkey embryo 7 in the vector Charon 4A. A map of one of these clones, X Charon 4A crel (turkey 7) 2, is presented in Fig. 2 . A restriction endonuclease cleavage site map was also made for the other clone, X Charon 4A c-rel (turkey 7) 1 (at the bottom of the above figure). These maps are colinear at both 5' and 3' ends. A representative electron micrograph of a heteroduplex of these two clones is shown above. There is a substitution which by restriction endonuclease cleavage site mapping and electron microscopic heteroduplex analysis is close to, but probably 5' to. Fig. 2 . The turkey allele that is diagrammed in this figure is allele 1 as shown in Fig. 2 . The substitutions between regions 2 and 5 are drawn such that the larger strand of the substitution is present in chicken DNA. This decision is based on the length of the distance between regions 2 and 5 in chicken and turkey DNAs. The substitution 3' to region 7 could be longer in turkey or in chicken DNA. More than eight heteroduplexes were used for each of the comparisons made. chickens and turkeys. The c-rel loci of chickens and of turkeys are very similar with respect to the size and distribution of the regions homologous to v-rel. However, there are differences between chickens and turkeys in restriction endonuclease cleavage sites, increased base pair changes in certain regions, and unequal length substitutions in presumed introns of c-rel.
Since specific germline changes in apparent coding sequences of the c-rel locus are rare within a turkey population and have not been detected in comparison of chickens and turkeys, it is less likely that the sequence changes between v-rel and c-rel were the result of transduction of a rare germline mutant. The conservation of c-rel locus 1 between chickens and turkey indicates that this locus has an important function in normal cells. 
